The compartmentalization of eukaryotic cells requires that newly synthesized proteins be targeted to the compartments in which they function. In chloroplasts, a few thousand proteins function in photosynthesis, expression of the chloroplast genome, and other processes. Most chloroplast proteins are synthesized in the cytoplasm, imported, and then targeted to a specific chloroplast compartment. The remainder are encoded by the chloroplast genome, synthesized within the organelle, and targeted by mechanisms that are only beginning to be elucidated. We used fluorescence confocal microscopy to explore the targeting mechanisms used by several chloroplast proteins in the green alga Chlamydomonas. These include the small subunit of ribulose bisphosphate carboxylase (rubisco) and the light-harvesting complex II (LHCII) subunits, which are imported from the cytoplasm, and 2 proteins synthesized in the chloroplast: the D1 subunit of photosystem II and the rubisco large subunit. We determined whether the targeting of each protein involves localized translation of the mRNA that encodes it. When this was the case, we explored whether the targeting sequence was in the nascent polypeptide or in the mRNA, based on whether the localization was translation-dependent or -independent, respectively. The results reveal 2 novel examples of targeting by localized translation, in LHCII subunit import and the targeting of the rubisco large subunit to the pyrenoid. They also demonstrate examples of each of the three known mechanismsposttranslational, cotranslational (signal recognition particle-mediated), and mRNA-based-in the targeting of specific chloroplast proteins. Our findings can help guide the exploration of these pathways at the biochemical level.
ach organelle in a eukaryotic cell requires a distinct protein complement to carry out its specialized functions. Therefore, newly synthesized proteins are targeted to specific organelles and compartments within them. This process is known to involve 3 general mechanisms. In a posttranslational mechanism, the import machinery of the organelle selects the correct proteins by virtue of their having a transit peptide or nuclear localization signal. In a cotranslational mechanism, the signal sequence in the nascent polypeptide binds signal recognition particles (SRPs), which represses further translation and docks the mRNAribosome-nascent polypeptide complex at the endoplasmic reticulum (ER), whereupon translation resumes for the insertion of the elongating polypeptide into the ER lumen or membrane. Finally, in an mRNA-based mechanism, the untranslated mRNA is localized by an RNA-binding protein (RBP) associated with a molecular motor or the target membrane, and translation is initiated only on mRNA localization (1, 2) . The two latter mechanisms appear to operate together in protein targeting to the mammalian ER (3) .
The chloroplasts of plants and green algae import a few thousand proteins to function in photosynthesis and other processes (4) . These proteins are believed to be synthesized at random cytoplasmic locations and to undergo posttranslational import, because isolated chloroplasts can import proteins synthesized in vitro, and EM studies have found only outer chloroplast envelope membranes without bound ribosomes (5, 6 ).
But at least a few proteins are trafficked to chloroplasts through the secretory system, implying they are first targeted to the ER by the cotranslational SRP pathway (7) (8) (9) . Despite several decades of research on chloroplast protein import, the location of chloroplast protein synthesis in the cytoplasm remains unknown.
A minor protein contingent is expressed from the chloroplast genome and targeted to specific compartments within this organelle (10) . Some of these ''chloroplast-encoded'' proteins are targeted to thylakoid membranes, where they function as subunits in the photosynthesis complexes. Others are targeted to the stroma. In algae, the rubisco large subunit (LSU) is targeted to the pyrenoid, a spherical chloroplast compartment specializing in CO 2 fixation (11); however, little is known about the targeting mechanisms involved. We do know that thylakoid membrane proteins are synthesized by membrane-bound chloroplast polysomes (12, 13) . A chloroplast homolog of the SRP subunit that binds the signal sequence, cpSRP54, has been shown to bind the nascent chain of the D1 subunit of photosystem II (PSII) in a reconstituted chloroplast translation system and to be required for thylakoid membrane biogenesis (14) (15) (16) (17) . mRNAbased mechanisms are thought to target chloroplast-encoded proteins as well, for 3 reasons. First, only one protein is known to have a transit peptide, indicating that posttranslational mechanisms are not predominant (14) . Second, cpSRP54 is not essential for thylakoid biogenesis in Arabidopsis, indicating the existence of another pathway (18) . Finally, several membraneassociated RBPs have been identified in the chloroplast of the eukaryotic green alga Chlamydomonas reinhardtii (19, 20) . Much work remains to be done to identify and characterize the mechanisms and machinery involved in the targeting of chloroplast-encoded proteins.
To address these long-standing questions, we used in situ techniques in Chlamydomonas to identify the targeting mechanisms used by the following canonical chloroplast proteins: the rubisco small subunit (SSU), the light harvesting complex II (LHCII) subunits, and the chloroplast-encoded proteins D1 and LSU. Both mRNA-based and cotranslational targeting involve the localization of the mRNA encoding the targeted protein. Therefore, to distinguish these mechanisms from posttranslational targeting, we used FISH, immunofluorescence staining, and confocal microscopy to determine whether the mRNA is localized near the target compartment of the protein that it encodes. Cotranslational targeting requires translation to produce a signal peptide, whereas mRNA-based targeting does not, because the localization signal is in the mRNA. Therefore, we distinguished cotranslational and mRNA-based targeting based on whether or not pharmacological inhibition of translation prevents localization of the mRNA. Our results reveal the use of each of these 3 mechanisms in chloroplast protein targeting, along with 2 novel examples involving localized translation.
Results

LSU Targeting to the Pyrenoid Involves a Cotranslational Mechanism.
To characterize the targeting of LSU to the pyrenoid, we used FISH to analyze the distribution of its mRNA, that of the chloroplast rbcL gene. The rbcL mRNA signal was enriched in the chloroplast basal region relative to the lobes (Fig. 1A-C) . Coimmunostaining of these cells for rubisco revealed that the rbcL mRNA was distinctly focused at the outer perimeter of the pyrenoid in most cells (see Materials and Methods). This localization pattern was not observed in the FISH signals of 3 chloroplast mRNAs encoding thylakoid membrane proteins: psbA (Fig. 1C) , psbC, and psaA (21) . Therefore, these results support the targeting of LSU to the pyrenoid by either a cotranslational or an mRNA-based mechanism.
To determine whether these rbcL mRNAs are localized by targeting signals in the LSU nascent chain (in a cotranslational mechanism) or in the mRNA sequence (in an mRNA-based mechanism), we explored whether this localization occurs in cells depleted of translating chloroplast ribosomes and LSU nascent chains through treatment with lincomycin (22, 23) . The rbcL FISH signal was not localized around the pyrenoid in cells treated with this drug (Fig. 1E ). This localization pattern also was not seen in cells under conditions that down-regulate rbcL translation, a 2-h dark adaption (DA) (24, 25) or a 60-min high-light (HL) exposure (26) (Fig. 1 D and F) . The apparent higher level of the rbcL FISH signal in cells exposed to moderate light (ML) compared with DA cells and lincomycin-treated ML cells most likely reflects the concentration of the signal near the pyrenoid; 4 previous studies found a constant rbcL mRNA level across diverse light conditions in Chlamydomonas (24, 25, 27, 28). Together, these results strongly support LSU targeting to the pyrenoid primarily through a cotranslational mechanism.
In a minority of cells (25%; n ϭ 24), rubisco and the rbcL mRNA also colocalized in a structure with the size, shape, and general location of the eyespot (Fig. 1B) . Because this localization pattern was not detected in most cells, we did not explore it further.
D1 Targeting for De Novo PSII Assembly Involves an mRNA-Based
Mechanism. We also explored how D1 is targeted for de novo PSII assembly in T zones. T zones are punctate regions adjacent to the pyrenoid in which we previously observed the colocalization of multiple components in PSII subunit synthesis for de novo assembly when it was induced by shifting cells from darkness to ML for 5 min (ML5Ј cells) ( Fig. 1 A) (29) . Fig. 2A and B show the colocalization of the psbA mRNA and the chloroplast ribosomal protein L2 in T zones only in the inducing ML5Ј condition, not in the repressing DA condition (see Materials and Methods). To highlight this colocalization pattern, the pixels with the strongest colocalized signals are displayed in white using ImageJ (30) , as shown in the fourth image column in located on the lateral sides of the pyrenoid, and the rbcL mRNA does not localize to them (29) . Because the scoring of this pattern is subjective, we analyzed each T zone for the percentage of pixels with strong colocalized signals and determined the mean value for each condition ( Fig. 2D) (29) . These results confirmed our previous finding that the psbA mRNA localizes to T zones during the induction of de novo PSII assembly. Therefore, this targeting of D1 involves either a cotranslational or an mRNAbased mechanism.
To discriminate between these 2 mechanisms, we investigated whether or not the psbA mRNA localized to T zones after chloroplast mRNAs were cleared of ribosomes and nascent polypeptides by treatment with lincomycin. When ML5Ј cells were generated in the presence of lincomycin, the psbA mRNA and L2 still colocalized in T zones (Fig. 2B and C) . Moreover, the quantitative analyses revealed that lincomycin unexpectedly enhanced this colocalization (Fig. 2D) . Lincomycin also enhanced colocalization of the psbA mRNA and a marker protein for the small chloroplast ribosomal subunit, S-21, under similar conditions that activated psbA translation for the de novo PSII assembly: DA cells exposed to HL for 1 min (HL1Ј cells) (Fig.  3A-C and F) . This translation-independence supports a primary mRNA-based mechanism in psbA mRNA localization to T zones for D1 synthesis in the de novo PSII assembly.
Comparing the distributions of L2 and S-21 revealed that chloroplast ribosomal subunits also localized to T zones through translation-independent mechanisms (Figs. 2 and 3 ).
D1 Targeting to Thylakoids for PSII Repair Involves a Cotranslational
Mechanism. During HL stress, the replacement of photodamaged D1 subunits in PSII complexes involves the localization of the psbA mRNA to thylakoid membranes throughout the chloroplast (29, 31) . As a condition to induce PSII repair, we used HL1Ј cells incubated for an additional 5 min under ML (HL1ЈML5Ј), for reasons described in our previous report (29) . This effect can be seen as the appearance of strong colocalized signals from the psbA mRNA and S-21 in chloroplast lobes in HL1ЈML5Ј cells (Fig. 3D) relative to HL1Ј cells ( Fig. 3B ; in 3F, compare the second and fourth shaded bars). This localization of the psbA mRNA for D1 targeting in PSII repair is consistent with both cotranslational and mRNA-based mechanisms. To discriminate between these possibilities, we generated HL1ЈML5Ј cells in the presence of lincomycin. Under these conditions, we did not detect this colocalization of the psbA mRNA and L2 in the lobes, thus supporting a cotranslational mechanism in D1 targeting for PSII repair in thylakoid membranes ( Fig. 3C and E ; in 3F, compare the third and fifth shaded bars).
Chloroplast Protein Targeting From the Cytoplasm. We then turned our attention to protein targeting from the cytoplasm to the chloroplast. Using FISH to characterize the distribution of LhcII mRNAs, which encode the subunits of LHCII (32) , revealed that their FISH signal was frequently concentrated along the cytoplasmic border of the chloroplast basal region (see Materials and Methods). This localization pattern is shown in Fig. 4A , in which the chloroplast was stained with immunolabeled L2. In other cells, the LhcII mRNAs that localized at the basal region were more concentrated near the bases of chloroplast lobes ( Fig. 4B  and G) . These results raise the possibility that the cytoplasmic border of the chloroplast basal region is a privileged location of LHCII synthesis. This hypothesis is supported by several findings. First, different distributions were observed for the RbcS2 mRNA ( Fig. 4D-G ; see the next paragraph) and the mRNA encoding ␤2-tubulin (33). Second, the localized LhcII mRNAs probably were translated, because they colocalized with the concentrated marker protein for cytoplasmic ribosomes, cyL4, and this LhcII mRNA localization pattern was not detected after mRNAs were released from ribosomes and nascent chains by puromycin ( Fig. 4B and C, respectively) (12, 34) . The concurrent decrease in the intensity of this signal likely reflects rapid degradation of untranslated LhcII mRNAs, because their translation and abundance are directly correlated in Chlamydomonas (27, 35) . Third, patches of strong cyL4 signals at other cytoplasmic locations were not enriched in the LhcII mRNA signal (Fig.  4B) ; therefore, LHCII subunits appear to be targeted to the chloroplast by the localized translation of the mRNAs encoding them. The translation-dependence of this mRNA localization pattern supports a cotranslational mechanism.
Analysis of the distribution of the RbcS2 mRNA, which encodes SSU, revealed that its FISH signal was not enriched at the chloroplast perimeter (Fig. 4D, E, and G) . The prominent nonstaining region contains the nucleus (33). Some cells exhib- ited variable intensity in this signal, but this was not concentrated in any consistent location (Fig. 4D) . This broad distribution of the RbcS2 mRNA was quite distinct from the LhcII mRNA localization pattern when these signals were compared in the same cells (Fig. 4G) . Moreover, the RbcS2 mRNA colocalized with cyL4 throughout the cytosolic region (Fig. 4E) . Therefore, these results support the current model of SSU synthesis throughout the cytoplasm and posttranslational import into the chloroplast.
Discussion
Our results provide evidence of chloroplast protein targeting by the 3 general mechanisms described earlier and reveal a remarkably complex spatial organization of chloroplast protein synthesis. The colocalization of RbcS2 mRNA with ribosomes throughout the cytosol provides the first in situ evidence supporting the long-standing model of SSU synthesis at random cytoplasmic locations and posttranslation import into the chloroplast (Fig.  4E) (4, 36) . Although our findings do not exclude the possibility of a minor RbcS2 mRNA pool localized at the chloroplast perimeter for translation and SSU targeting, this seems unlikely, because confocal microscopy is sufficiently sensitive and quantitative for detecting such a pool. Most RbcS2 mRNAs likely are translated; their FISH signal was completely colocalized with the cyL4 signal (Fig. 4E) . Moreover, SSU is among the most highly synthesized proteins in Chlamydomonas, and nearly all RbcS mRNAs are polysome-associated in barley leaf cells (36, 37) .
In contrast with the nonlocalization of the RbcS2 mRNA, we found evidence for localized LhcII translation at the cytoplasmic border of the chloroplast basal region (Fig. 4A, B, and G) . This could localize the import of newly synthesized LHCII subunits near T zones to facilitate the assembly of the PSII-LHCII supercomplex. To what feature of cellular architecture could LhcII mRNAs be localized? LHCII subunits likely are cotranslationally inserted into a membrane, because they are hydrophobic integral membrane proteins. They probably are not routed to the chloroplast through the secretory system in Chlamydomonas as they are in other algal species, because these proteins are predicted to lack a signal peptide by TargetP (38) . Our working hypothesis is that polysomes with LhcII mRNAs are bound to specific regions of chloroplast envelope for cotranslational targeting of LHCII subunits to the chloroplast by unknown mechanisms. Although this hypothesis is seemingly contradicted by many EM images of ribosome-free outer chloroplast envelope membranes (5, 6, 39) , none of these images were obtained from cells treated with an inhibitor of translation elongation, which is required to retain chloroplast ribosomes on thylakoid membranes during cell isolation (40) .
We expanded our survey of mRNA localization patterns in the Chlamydomonas chloroplast by demonstrating that the rbcL mRNA is translated at the outer perimeter of the pyrenoid, probably to target LSU for the rubisco assembly therein (Fig. 1B  and C) (11) . Weaker rbcL mRNA signals were detected throughout the chloroplast, possibly from a pool translated for the rubisco bound to thylakoid membranes (41) . The translationdependence of the former localization pattern supports a cotranslational targeting mechanism. We also found similar evidence for cotranslational targeting of D1 for the repair of photodamaged PSII complexes in thylakoid membranes throughout the chloroplast (Fig. 3D-F) . Future research should explore whether LSU and D1 targeting involves the cpSRP54 homolog in Chlamydomonas (AF238499).
An mRNA-based mechanism in D1 targeting for de novo PSII assembly is supported by the translation-independence of psbA mRNA localization to T zones (Figs. 2 and 3) . The possibility exits that cpSRP54 subsequently directs nascent D1 for cotranslational membrane insertion. Concerted mRNA-based and cotranslational mechanisms have been speculated to operate in protein targeting to thylakoids, and there is evidence for this in protein targeting to the mammalian ER (14, 42) .
We also found that chloroplast ribosomal subunits localized to T zones through translation-independent mechanisms. This finding was not unexpected, because 10%Ϫ40% of chloroplast ribosomes are associated with membranes by electrostatic interactions alone in Chlamydomonas and Pea (40, 43, 44) . Moreover, translation-independent mechanisms localize ribosomes to the inner membrane of mitochondria in Saccharomyces cerevisiae and the mammalian ER (42, 45) .
Our use of in situ approaches in the analysis of mRNA localization for chloroplast protein targeting has begun to identify the targeting mechanisms used by specific proteins and for different processes in the biogenesis and repair of the photosynthesis apparatus. We have found intriguing similarities to intracellular protein targeting in many other organisms. Although the posttranslational import machineries in the chloroplast envelope have been identified and are currently being dissected, much remains to be learned about the cotranslational and mRNA-based pathways (4) . By revealing specific examples of chloroplast protein targeting by cotranslational and mRNAbased pathways, our results will help guide the exploration of these pathways at the biochemical level.
Materials and Methods
Culture Conditions. Strain CC-503 was cultured in high-salt minimal medium (46) until the mid-log phase (ca. 3 ϫ 10 6 cells mL Ϫ1 ) at 24°C. ML was 100 -150 E m Ϫ2 s Ϫ1 , and HL was 2,000 E m Ϫ2 s Ϫ1 . The deletion mutant for RbcS1 (and RbcS2), T60 -3, was cultured on Tris-acetate-phosphate medium under indirect light (36) . The conditions used (DA, ML, ML5Ј, HL1Ј, HLЈML5Ј) and inhibitor concentrations were described previously (21, 29) .
FISH and Immunofluorescence Staining. The FISH and immunofluorescence procedures, as well as the psbA and rbcL FISH probes, have been described previously (29, 33) . The LhcII and RbcS2 FISH probes (Table 1) were labeled with either Alexa 488 or Alexa 633 (Molecular Probes) according to the manufacturer's protocol. The LhcII probes were designed to hybridize to the LhcII-3 mRNA (Accession BAB64417), but they also were complementary to the other 3 LhcII mRNAs. The RbcS2 probes hybridized to the RbcS2 mRNA (Accession P08475) and failed to produce a signal in a deletion mutant for both RbcS genes (Fig. S1 A) . The absence of the LhcII FISH signal in DA cells (Fig. S1B) provides negative controls for its specificity, in the absence of a deletion mutant for these genes (27) . The antisera against the ribosomal proteins were described previously (29, 34, 46 -49) .
The localization patterns described herein were seen in 80% of the cells examined (n Ͼ 20), except in the following cases. In 55% of the cells, the rbcL mRNA was distinctly focused at the outer perimeter of the pyrenoid (Fig. 1C) , whereas in 40% the signal was slightly more dispersed (Fig. 1B) , and in 5% it was not localized (n ϭ 20). An atypically high percentage of cells lacked the LhcII mRNA signal, for unknown reasons. Of the 110 ML cells examined, 62 (56%) had a very weak signal, which likely was background because it was evenly distributed throughout the cell, including within the chloroplast (data not shown). Considering just the 48 cells that had above-background LhcII FISH signals in the cytosolic region, 30 cells (63%) had the localization pattern shown in Fig. 4 A, B , and G, 14 cells (29%) had a less evident semblance of this localization pattern, and 4 cells (8%) had a nonlocalized signal.
Microscopy. Fluorescence signals were visualized in 0.2-m optical sections obtained with a Leica TCS SP2 confocal laser-scanning microscope and image acquisition software, version 2.61. Argon, green helium neon, and helium neon lasers were used to produce the 488-nm, 543-nm, and 633-nm stimulation of fluorophores Alexa 488/FITC, Alexa 555/TRITC, and Alexa 633, respectively. Cells were observed under settings described previously (21) . Statistical analyses of colocalization were carried out as described previously (29) . 
